ABSTRACT
INTRODUCTION
Interest in the roles and effects of electric fields on various cell types has increased during the past several years. Electric fields provide an organizing role for keratinocyte migration in wound healing (11) and possible developmental roles in embryogenesis (9) . They also serve as an important mode of signal transmission between neurons (ephaptic coupling) (3) . Along with the growing interest in nonlinear dynamics and chaos control, several researchers have begun to investigate new techniques for cardiac control, especially for the purpose of defibrillation (6, 8) . While many of the studies on cardiac cells use direct injection of currents into the cells, electric defibrillation therapies often rely on applied electric fields (15) . Similarly, the physiological effects of electric shocks result directly from the presence of electric fields in tissues (5) . Interest has also grown recently in the possible effects of environmental electric and magnetic fields on biological systems (12) . Effects have been reported for a number of in vitro and in vivo studies, including alterations of human heart rates of subjects exposed to magnetic fields (7) .
In vitro studies of electric field effects can be performed by establishing the field in the culture media bathing the cells. The electric field is produced either directly through electrodes in the media or indirectly by Faraday induction from an alternating magnetic field. In either case, the presence of the field may interfere with electrophysiological measurements (10) . One problem arises as a result of electrode grounding. If a signal generator is used to produce the exposure field, one of the field electrodes will be grounded to the instrument chassis. Any reference electrodes used for electrophysiological measurements will then establish a separate ground point and distort the electric field. Another problem results directly from the influence of the electric field on the measurement electrodes. Because a potential gradient is established in the culture media, the measurement electrodes will sense the imposed potential differences in addition to the electrical activity of the cells. This interfering signal may substantially degrade the investigator's ability to resolve the physiological activity of interest.
We have developed a system for studying the contractile activity of cardiac myocytes in an electric field that solves the measurement problems described above. Rather than detecting the electrical activity (action potentials) directly through intracellular electrodes, we use an electromechanical transducer to detect the physical contraction of the cell aggregate associated with the action potential. This detection is accomplished by bringing the cantilever (a fire-polished glass pipet) of a miniature force transducer into contact with the surface of the aggregate (the cell membrane is not penetrated). Cell contractions result in a small displacement of the pipet and a corresponding change in the resistance of the force transducer. By incorporating the transducer resistances into a Wheatstone bridge, the small resistance changes associated with myocyte contractile activity are converted into a current signal that can be measured with a picoammeter. The technique permits study of myocyte contractile activity in response to applied electric fields without the interference experienced in electrophysiological measurements.
MATERIALS AND METHODS
Fertile chicken eggs were obtained from the University of Tennessee Agricultural Farm (Knoxville, TN, USA) on a weekly basis. The eggs were incubated at 38.5°C in a humid atmosphere for 7 days using a Hova-Bator ™Incubator equipped with an automatic egg turner (Carolina Biological Supply, Burlington, NC, USA). The procedure for extracting the hearts is as follows: a hole was punctured in the top of the egg, the allantoic membrane (white membrane) was exposed and peeled away and the egg contents were poured slowly into a petri dish. The embryo was then transferred to another petri dish containing 20 mL of culture medium, and after decapitation of the embryo, the heart was removed and the apical portion (ventricles) dissected out and dissociated into small clumps and single cells by trypsinization (1) . Aseptic technique was used throughout the procedure.
The dissociation medium contained the following components: 100 µ g/mL crystalline trypsin (Life Technologies, Gaithersburg, MD, USA) and 1 mg/mL bovine serum albumin (Sigma Chemical, St. Louis, MO, USA). The heart tissue was incubated in 1 mL of trypsin solution for 15 min at room temperature (RT), and the dissociation was completed by gentle mechanical agitation using a transfer pipet. This procedure allowed us to obtain a large number of small cell groups of 100-200 µ m in diameter along with single cells. The trypsinization was halted by adding 4 mL of culture medium containing 10% fetal bovine serum (FBS; Life Technologies). The dissociated tissue was then transferred onto cover slips in a petri dish, and the cells were allowed to settle and attach to the glass for 15 min at RT. Ten milliliters of culture medium were added to each dish before incubation at 37°C in an atmosphere of 5% CO 2 for 24 h, after which the cells were ready for use.
The cell culture medium was composed of a 50/50 mixture of Ham's F-12 and Dulbecco's modified eagle medium (DMEM) supplemented with 10% FBS, 0.5% penicillin-streptomycin, 1 mM L-Glutamine (all from Life Technologies). For each experiment, a cover slip was transferred from the culture medium to an experimental chamber containing 3 mL of standard external solution (SES) warmed to 37°C. The ionic composition of the SES solution was (in mM): 145 NaCl, 2. Myocyte contractile activity was measured using a miniature electromechanical transducer (Model AE801; SensoNor A.S., Horton, Norway). The transducer element (Figure 2 ) consists of two main parts: the silicon beam and the header to which the beam is mounted. A fire-polished glass pipet was glued to the silicon beam of the sensor to serve as an extension or cantilever of the sensor, since the sensor is not submersible in the perfusion media and also because it is too small to be brought in direct contact with the myocyte preparation. The glass pipet (1-mm outside diameter) is pulled to a small tip of approximately 50-µ m outside diameter using a Model P-87 Flaming/Brown Micropipet Puller (Sutter Instrument, Novato, CA, USA), and subsequently fire-polished and sealed so that this smooth sealed surface could be apposed against the cell aggregate. The transducer is rigidly mounted on a Model MMW-23 Micro Manipulator (Narishige, Tokyo, Japan) to allow precise positioning of the glass pipet on the surface of the cell aggregates. The microscope and transducer assembly were mounted on a vibrationfree table.
Contractions of the myocytes produce a deflection of the tip of the micropipet, which is transmitted to the transducer, and a mechanical stress is produced in its piezoresistive elements, resulting in a change in the resistance values (the resistance on the compressed side decreases while the resistance on the opposite side increases).
The calibration of the force transducer, although provided by the manufacturer, is not critical for our experiments. A balanced Wheatstone bridge (Figure 3) , powered with a 6-V battery, was used to convert the resistance changes into a current signal.
Measurements are performed by gently positioning the micropipet on the surface of the cell aggregate and pressing against it to ensure firm 738BioTechniques
Vol. 23, No. 4 (1997) Délèze et al. (2) for studying the excitation contraction coupling in frog skeletal muscle fibers. Intracellular electrical recordings of action potentials in myocyte cell aggregates were made with glass microelectrodes filled with 3 M KCl, 5 mM HEPES (Sigma Chemical), pH 7.3, using standard electrophysiological techniques.
RESULTS AND DISCUSSION
The electrical (action potential) and mechanical (contraction) activities of the embryonic myocytes isolated from 7-day chick embryo heart ventricles and maintained in culture can be modulated by changing the concentration of potassium chloride in the external SES solution. The pacemaking activity is activated when the cells are perfused with SES containing 2-2.7 mM KCl at 37°C. Figure 4 shows a recording of this spontaneous electrical activity in an aggregate of myocytes made using the microelectrode technique. This recording is very similar to that reported in Guevara et al. (8) , who made electrophysiological measurements in the same cell culture system (aggregates of embryonic chick heart cells). This data can be compared to the force recording in Figure 5 , obtained using the technique described in this paper. Because the force transducer is measuring mechanical contractions of the cell aggregate rather than action potentials as measured by electrophysiological methods, it is expected that there will be a qualitative difference in the response recorded by the two techniques. Nevertheless, an action potential peak elicits a force transducer peak as the cell aggregate contracts, so a correspondence between the two measurements can be established.
Single myocytes are generally round and have a diameter of about 20 µ m. Their contractile proteins are not completely developed in comparison with those of adult myocytes, and the force developed by a single embryonic myocyte is too small to be detected by the force transducer. For this study, we used small cell clumps or aggregates (150-200-µ m diameter), which develop a contractile force that is easily detected by the sensor. The cell aggregates produce stable recordings ( Figure  5 ), and changes in beating rate resulting from experimental treatments can be easily detected.
This system was chosen to investigate the possible effects of electric field exposure because the spontaneous activity is highly dependent on membrane potential (14) . Electric fields are known to perturb the membrane potential of cells in a relatively predictable manner (4, 13) , and changes in beating rhythm as a result of electric field exposure are expected. Preliminary results shown in Figure 6 illustrate the rather dramatic effects that can be observed when the myocytes are exposed to an intense electric field of 3-5 V/m. Initially, application of the external electric field (field strength = 3V/m) induces a disturbance in the contractile rhythm of the myocytes (note the unevenness of the myocyte contraction recording in Panel 1). As the field strength is increased, the myocyte rhythm comes into synchrony (2:1 phase lock) with the alternating frequency of the external field. This synchrony persists when the field intensity is decreased to 4 V/m (Panel 3); however, as the field strength is reduced to the initial value (3 V/m), the contractile rhythm loses synchrony with the field and shows a more erratic beating pattern (Panel 4). The shape of the force transducer recordings in Figure 6 differ somewhat from the recordings in Figure 5 , which more closely resemble the action potential recordings obtained by conventional electrophysiological techniques ( Figure 4 ). The exact shape of the force transducer recordings will depend upon the placement of the glass micropipet on the cell aggregate and the pressure with which the micropipet is pressed against the cell cluster. We have observed that the shape of these recordings varies somewhat from one experiment to another. There is, however, a one-to-one correspondence between the action potential peaks and the peaks recorded by the force transducer, allowing complete characterization of effects on inter-beat interval using the force transducer technique.
This new technique offers significant advantages for measurement of electric field effects on the contractile activity of cardiac myocytes. The sensor assembly is electrically isolated from the culture medium and avoids both perturbation of the electric field and interference of the sensing electronics by the electric field. No reference or ground electrode is necessary. Additionally, the fire-polished contacting micropipet does not disrupt the integrity of the membrane structure or alter the cell cytoplasm through mixing with microelectrode solutions.
